Abstract-We experimentally investigate the transmission of a 1.12-Tb/s Dense-WDM (D-WDM) system comprising 10 112 Gb/s polarization-multiplexed quadrature phase-shift-keying channels with ultra-narrow spacing (1.1 times the Baud rate). The D-WDM signal is generated by means of a recirculating frequency shifter. We used narrow optical filtering of channels at the transmitter to reduce interchannel crosstalk. With 100-km uncompensated spans and EDFA amplification, we reached 800 km over nonzero dispersion-shifted fiber (NZDSF) and 2300 km over standard single-mode fiber, at BER = 3 10 3 . By simulation, we also investigated transmission over large-effective area NZDSF fiber (LEAF) and pure silica-core fiber (PSCF). We found that the D-WDM channel should achieve a 40% longer reach with LEAF than with NZDSF and a 45% longer reach with PSCF than with standard single-mode fiber.
I. INTRODUCTION

R
ECENTLY, there has been increasing interest in the investigation of the generation of 1 Tb/s "superchannels" in support of an eventual Terabit Ethernet Standard [1] - [3] . According to this technique, a number of "subcarriers" is seamlessly aggregated to form individual superchannels which would be routed optically through the network as a single entity. Several techniques have been proposed to generate superchannels. In [1] and [2] , each subcarrier was electrically orthogonal frequency-division multiplexing (OFDM) modulated and was transmitted over 600 and 400 km, respectively. In [3] , 24
Manuscript received February 02, 2010; revised July 09, 2010; accepted July 17, 2010. Date of publication July 29, 2010; date of current version September 06, 2010. This work was supported by the EU within the BONE ("Building the Future Optical Network in Europe") and by EUROFOS ("Europe's Research Network on Photonic Systems"), Networks of Excellence funded by the EC through the 7th Framework Programme. The work of G. Gavioli phase-locked subcarriers were spaced at exactly the Baud rate and simultaneously modulated using conventional polarization-multiplexed quadrature phase-shift-keying (PM-QPSK) at 12.5-GBaud, thus generating an optical coherent OFDM signal (Co-OFDM). This latter approach appears to be less sensitive to phase noise and nonlinear propagation effects than [1] and [2] . In fact, in [3] 7200 km were reached, also thanks to the use of Raman amplification and pure silica-core fiber (PSCF). However, Co-OFDM needs frequency locking, and symbol transition alignment at the transmitter among the subcarriers, together with a broadband receiver (Rx). For an overview of Co-OFDM requirements see [4] . An alternative approach consists of tightly packing conventional WDM channels, achieving low crosstalk by means of narrow filtering at the Tx. This well-known technique has been widely used in radio links for decades and has recently been employed in optical systems too [5] . Theoretically, by means of steep optical filters, near-Baud-rate channel spacing is achievable.
In this letter, we investigate the long-haul reach of a 1.12-Tb/s Dense-WDM (D-WDM) system comprising 10 PM-QPSK modulated channels at 112 Gb/s (28 GBaud), spaced 1.1 times the Baud rate, using narrow optical filtering of the channels at the transmitter (Tx). To the best of our knowledge, this was the closest spacing used in a conventional WDM (non-OFDM and non-CO-OFDM) system at the time this letter was submitted. Later on, the OFC 2010 postdeadline paper [6] has reached 0.9 times the Baud rate spacing, using both narrow optical filtering and also resorting to a maximum a posteriori (MAP) decision algorithm.
Preliminary results at a lower Baud rate (25 GBaud) regarding the impact of different channel spacing (1.2 and 1.1 times the Baud rate) on the transmission reach were also presented in [7] , using 64-km spans of installed single-mode fiber (SMF). Here, we operate at 28 GBaud and use 100-km spans. In addition, we test both nonzero dispersion-shifted fiber (NZDSF) and SMF. We also investigate by simulation the potential transmission reach when using large-effective area NZDSF fiber (LEAF) and PSCF.
II. EXPERIMENTAL SETUP
The experimental setup is shown in Fig. 1 . An external cavity laser source at 1549.6 nm with 100-kHz linewidth was modulated using a Nested Mach-Zehnder (NMZ) modulator to generate a 56-Gb/s QPSK signal, which was then narrow-filtered using a bandwidth-adjustable Finisar WaveShaper optical 1041-1135/$26.00 © 2010 IEEE filter. The filter 3 dB bandwidth delivering best performance was found to be 28 GHz, that is, equal to the Baud rate. The filter pass-band was also adjusted to have a 2-dB emphasis towards the filter sides, with respect to the center frequency. This was done to optically compensate for component bandwidth limitations in the system. The single modulated channel was then launched into a recirculating frequency-shifter (RFS) [1] , [3] . The NMZ modulator inside the RFS loop was operated as a single-sideband modulator, configured to shift the input channel by a frequency which was set by a clock synthesizer to 30.8 GHz, chosen to obtain a channel spacing of 1.1 times the Baud rate. At each round in the RFS loop a new channel is generated, carrying uncorrelated data due to the loop delay. The RFS includes a 380-GHz optical filter whose high-frequency cutoff determines the number of channels generated, which in our experiment was 10. The optical signal was then polarization multiplexed to form a 1.12-Tb/s D-WDM aggregate. The measured D-WDM power spectrum is shown in Fig. 2 . The WaveShaper frequency profile is presented in [7] . The single channel spectrum before filtering has the conventional NRZ shape.
The signal was then launched into a recirculating loop consisting of 100 km of uncompensated fiber. Two fiber types were tested: SMF with total loss 21 dB and dispersion ps/nm/km; NZDSF with total loss 22 dB and ps/nm/km. The loop included two EDFAs and an equalizing filter. At the required gain setting, the effective combined loop noise figure was 5.5 dB. For back-to-back (btb) sensitivity measurements, a noise-loading stage followed by a 5-nm optical filter was used at the coherent Rx input.
At the Rx, the signal was passed through a polarization beam splitter and then combined with the LO via two optical 90 hybrids to select the in-phase and quadrature components of the two polarizations. Note that channel selection at the Rx was performed by tuning the local oscillator (LO) laser and not by optical filtering. The eight outputs of the hybrids were detected using four amplified dual-balanced photo-receivers with 25 GHz bandwidth. On conversion into the electrical domain, the signal was digitized at 50 GSa/s (1.79 samples per symbol) using a real-time sampling scope with a measured 3 dB bandwidth of 13 GHz. The sampled waveforms were then processed offline in a conventional PC. The Rx digital signal processing was done as described in [7] . Fig. 3 shows the btb bit-error rate (BER) performance measured on the fifth channel (the center one), as a function of the OSNR (over 0.1 nm). The OSNR for BER was 16.5 dB. It was 3 dB higher than that of a single 112-Gb/s PM-QPSK channel measured without the WaveShaper optical filter and without the RFS, also shown in figure. This 3-dB OSNR penalty was due to: the narrow filtering introduced by the WaveShaper (1 dB); the interchannel crosstalk caused by the tight channel spacing (0.5 dB); the RFS (1.5 dB). Specifically, the RFS caused ASE noise accumulation in its loop and spurious interchannel interference due to imperfectly suppressed higher optical harmonics generated in the RFS NMZ. This last effect was enhanced by the birefringence of the RFS components, which made optimal polarization alignment within the RFS difficult to ensure. During the experiment setup phase, we took btb measurements of all channels. The lower order channels behaved better than the fifth, whereas the higher order channels were worse. This was clearly due to noise and interference accumulation in the RFS. On the other hand, the center channel is the most impacted by conventional crosstalk and nonlinear fiber propagation effects. So we measured the transmission performance of the fifth channel and used the other channels as realistic crosstalk and nonlinear-effect generating sources. Fig. 4 shows the maximum distance attainable for a BER of 3 10 as a function of fiber launched power measured on the fifth channel in the D-WDM transmission environment over the recirculating loop. The maximum distance achieved with the NZDSF was 8 spans (800 km) which was greatly increased to 23 spans (2300 km) when using the SMF. The optimal power per channel for maximum reach was found to be about 0.5 dBm for the SMF and 3.5 dBm for the NZDSF. The substantially shorter reach observed with NZDSF is essentially attributable to nonlinear effects which are enhanced by its smaller effective area. Also, the higher dispersion coefficient of the SMF appears to be quite beneficial for PM-QPSK systems [8] .
III. EXPERIMENTAL RESULTS
Results obtained by simulation are also shown in Fig. 4  (dashed curves) . The fiber nonlinear coefficient was set to W km for the NZDSF and W km for the SMF. The BER was estimated by error counting over a sequence of 2 symbols. Different and uncorrelated PRBSs were used for all WDM channels. To match simulation and experimental results in linearity, a suitable amount of simulated ASE noise was inserted after the Tx. By doing this, a good agreement between simulation and experiment was found in the nonlinear region too, for both fibers, as shown in Fig. 4 . Having tuned our Tx and Rx simulation setup by matching it to the experiment, we added two more curves to predict performance with LEAF (total span loss 22 dB, ps/nm/km, W km ) and PSCF (total span loss 19 dB, ps/nm/km, W km ). Again, the span length was 100 km. The numerical predictions show that, using our experimental setup, the 1.12-Tb/s D-WDM system should be able to achieve 1100 km over LEAF and 3300 km over PSCF. The PSCF reach is about 40% farther than SMF, due to the PSCF lower nonlinear coefficient, lower attenuation, and slightly higher dispersion than SMF, all positive factors towards increasing reach. Finally, we forecast reach when a Tx is used which does not suffer from the spurious impairments due to the RFS, which are specific to this laboratory experiment but not fundamental. Both narrow filtering penalty and interchannel crosstalk were still taken into account. In this case, the predicted btb performance at BER improves by 1.5 dB. The expected reach becomes: NZDSF 1200 km; LEAF 1700 km; SMF 3300 km; and PSCF 4900 km.
IV. CONCLUSION
We have experimentally investigated the long-haul transmission of a 1.12 Tb/s D-WDM system, comprising 10 112-Gb/s PM-QPSK modulated channels spaced 30.8 GHz (1.1 times the Baud rate), using narrow optical filtering at the Tx, 100 km uncompensated span length and EDFA amplification. We demonstrated a transmission distance of 2300 km over SMF. The system potential is however higher: experiment-matched simulations show that by removing the RFS impairments, which are not fundamental, a reach of 3300 km should be attainable over SMF. We also experimentally showed that conventional NZDSF is a suboptimum transmission medium for this type of D-WDM system, reaching only 800 km. By simulations, we also found that LEAF should be about 40% better than NZDSF, and PSCF should be about 45% better than SMF, potentially reaching 3300 km with our setup and up to 4900 km without RFS impairments. These results suggest that narrow-filtered D-WDM channels might be a viable and effective solution for future long-haul core networks.
